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Introduction
Pore fluid pressure plays a primary mechanical role during faulting as it reduces the frictional fault strength (Cox, 2010; Sibson, 1992) . There is strong geological, geophysical and experimental evidence that fluid migration in the upper crust controls faulting (Sibson, 2000) , and natural (Di Luccio et al., 2010; Miller et al., 2004) and human induced (Ellsworth, 2013; McGarr et al., 2015; Scuderi and Collettini, 2016; Scuderi et al., 2017) seismic activity.
Fluid circulation within the upper crust is strongly dependent on the transport properties of rocks (i.e., permeability). Rock permeability and porosity vary with pressure conditions and deformation (Paterson and Wong, 2005) , which control the development and connectivity of fracture patterns across a range of scales (Caine et al., 1996; De Paola et al., 2009; Mitchell and Faulkner, 2008; Peach and Spiers, 1996; Wong et al., 1997; Zoback and Byerlee, 1975) .
In previous modelling efforts, the link between fluid flow and faulting has been investigated using coupled deformation and fluid flow modelling (Cappa and Rutqvist, 2012 , 2011 , Rutqvist et al., 2015 , 2013 . Coupled fluid flow and geomechanical fault slip (e.g. fault reactivation) analysis have been used, for example, to model the spatial evolution of both in situ stresses and fluid pressure, to estimate the maximum sustainable injection pressure during geological sequestration of CO 2 (Rutqvist et al., 2007) . In these studies, fluid flow was modelled for metre to kilometre scale fault zone features, considering permeability as a continuous function of porosity, volumetric strain, average effective stress, and fault shear strain. This approach has been extended to also include the effect of simplistic fault zone architectures (Cappa et al., 2009; Cappa and Rutqvist, 2011; Leclère et al., 2015; Rinaldi et al., 2014; Rutqvist et al., 2013) . Overall, previous results cited above show that pressure increase due to shear-enhanced permeability plays an important role, as it can facilitate the propagation of fault instability and extend permeability enhancement through the overlying caprock.
Here, we model fluid flow in exhumed (>1 km depth), large displacement (>100 m) faults in evaporite sequences with complex architecture, and pore pressure-and deformation-dependent permeability Collettini et al., 2009 ). These faults represent an analogue of the seismic sources at hypocentre depth of recent seismic events in the Northern Apennines of Italy (e.g. M w 6.0 1997-98 Colfiorito and M w 6.5 2016 Norcia earthquakes). Modelled fluid flow is then used to investigate the effects of pore fluid pressure distribution during the nucleation phase that precedes an earthquake.
Identifying the factors that control the duration of the nucleation phase of earthquakes has significant implications for earthquake early warning systems, as the duration of the nucleation phase will affect the likelihood of timely precursory signal detection. Furthermore, modelling pore fluid pressure evolution during the interseismic period has relevant implications for long term earthquake forecasting, as it controls fault strength and earthquake recurrence intervals.
Numerical method
We perform numerical simulations to model fluid flow in fault zones with realistic, complex fault zone architecture. In our model, fault zone permeability is assumed to vary as a function of effective pressure and mode of failure (e.g. brittle and localised vs. ductile and distributed), during the interseismic and preseismic period. Modelled fluid flow during the pre-seismic period is used to investigate the effects of pore fluid pressure distribution during the nucleation phase that precedes an earthquake.
Porous media flow and numerical solution
We develop an approach based on the diffusion of pore pressure within a classical porous medium using dP dt = ∇ · (k∇ P ) βηϕ ,
which relates pore pressure P and permeability k to the rate of change of pressure with time t. All symbols and values used are explained in Table 1 . The compressibility β is approximated as being only the fluid compressibility, because the compressibility of supercritical CO 2 exceeds that of evaporite rocks by several orders of magnitude (Burke, 2011) . It is also assumed that the variation of fluid viscosity η and compressibility with effective pressure is negligible for the range of conditions simulated (Burke, 2011) , where effective pressure is defined by
where σ L is the lithostatic load and P the pore pressure.
Following the experimental permeability relations observed in low porosity evaporite rocks (De Paola et al., 2009; see section 2.2.3 below), we consider that the solid rock is an ideal porous medium. Its permeability can be expressed as a function of effective pressure in the presence of ductile deformations, accommodated by small, distributed fracture patterns (Detournay and Cheng, 1993) . We also consider singularities in the time derivative of permeability when localised brittle failure occurs, assuming instantaneous increase of permeability within the fault .
We make the simplifying assumption that the modelled fault zone is saturated with supercritical CO 2 and can be treated as being a single phase. This assumption is in accord with field data supporting large CO 2 fluxes in the epicentre areas of the Northern Apennines seismic belt (e.g. M w 6.0 1997-98 Colfiorito and M w 6.3 2009 L'Aquila extensional earthquakes), where large deepseated CO 2 flux greater than 0.45 t day −1 km −2 have been measured (Chiodini et al., 2004; Collettini et al., 2008) .
Although fault zone geometries, physical properties and mechanical behaviour used in our modelling are inferred and constrained from main seismic extensional fault zone in evaporite rocks De Paola et al., 2009 , the methods can be generalised and applied to any natural fault zone with known fault zone architecture and constrained physical and mechanical properties.
The nonlinear fluid pressure diffusion (Eq. (1)) and resulting pore fluid flow are discretised using a finite difference numerical solution method, and implemented in a custom-built Matlab code. The stiff set of equations underpinning the nonlinearity of the pore pressure diffusion simulations tends to give rise to numerical instability with most standard solvers. Here, we exploit the robust convergence behaviour of the Matlab function ODE23tb. Further details on the implementation and validation of the numerical model are provided in the Supplementary Material, sections II and III.
Model input parameters

Fault zone architecture
The modelled fault zones formed within the Triassic Evaporite formation; a 1.5-2 km thick sequence of 6-19 m interbedded anhydrite/gypsum and dolostones (Barchi, 2002; Trippetta et al., 2013) . Seismological data and observations from hypocentre depths in the Northern Apennines seismic belt indicate the presence of shallow dipping (45 • ) faults, which may require the generation of fluid overpressure leading to fault reactivation (Barchi, 2002; Miller et al., 2004; Mirabella et al., 2008) . Fault zone architecture is constrained by field observations reporting an about 5 m wide fault core, where most of the slip accommodated by the fault is localised ( Fig. 1a ; Collettini et al., 2009; De Paola et al., 2008) . Outside the fault core, a welldeveloped damage zone (DZ) is observed within thick (up to twenty meters) fractured dolostones, extending for tens of metres in either direction from the fault core. Conversely, no macroscopic fracturing is observed within the foliated anhydrite layer immediately adjacent to the fault core, on either side of the fractured dolostones ( Fig. 1a ) .
The fault core shows a complex structure, with a 1 m wide inner fault core (IFC) domain, containing fine-grained cohesive cataclasites, which is enclosed on both sides by 2 m wide outer fault core (OFC) domains ( Fig. 1b) , containing cohesive and continuous foliated anhydrites, which are not fractured, and lenses of fractured dolomite dispersed within the foliated anhydrites . Within the IFC, slip is further localised along straight principal slip surfaces (PSS), which are located within thin (millimetre-scale) principal slip zones (PSZ) of ultra fine-grained incohesive anhydrite and dolomite-rich gouges ( Fig. 1b) A schematic, yet realistic, fault zone architecture is used within the model (Fig. 2) , where it is assumed that seismic slip occurs along a single PSZ of zero thickness, made of incohesive fault gouges and located in the centre of the IFC, which is made of cohesive cataclasites (Fig. 2) .
Failure envelopes
The failure envelopes, mode of failure and transport properties of rocks within the OFC and IFC fault zone domains have been obtained from triaxial deformation experiments with fluid flow, performed on borehole samples of Triassic Evaporites rocks .
The strength of intact anhydrite rocks is controlled by the presence and orientation of fabric anisotropy, with the weakest rocks being those where foliation is sub-parallel to the loading direction. On the other hand, the transition between localised brittle to distributed ductile mode of failure is controlled by effective pressures, and occurs at about 20 MPa regardless of grain size, presence of fabric anisotropy and its orientation (De Paola et al., 2009). , outer fault core (OFC) and inner fault core (IFC) considered for the numerical simulations in this study. The simulations have been run at a reference 7 km depth, for a fault dipping at 45 • to the horizontal, with the maximum principal stress σ 1 which is vertical and assumed at an angle of 45 • to the fault. The directly simulated area is shown in the black dashed box, with modelling boundary conditions indicated by the letters A (symmetry boundary, fluid conditions are identical on either side so no flow perpendicular to boundary), B (fixed pressure due to high permeability in DZ, overpressure at contact with pressurised dolostones, and hydrostatic pressure at contact with foliated anyhydrite) and C (a fixed hydrostatic pressure boundary 1000 m above lowest symmetry boundary, sufficiently removed so that pressure perturbations have decayed by this point).
Mohr-Coulomb failure envelopes have been constructed for each fault zone domain, i.e. the OFC, the IFC and the PSZ (Fig. 3) . The failure envelope of the foliated anhydrite in the OFC is obtained from triaxial loading experiments performed on anhydrite borehole samples with foliation oriented sub-parallel to the loading direction (Fig. 3a; De Paola et al., 2009) . A sharp transition from localised brittle to distributed ductile mode of failure is observed at effective pressures of about 20 MPa (Fig. 3a) . The failure envelope of the IFC, made of cohesive, anhydrite bearing finegrained cataclasites, with no fabric, is assumed from triaxial load-ing experiments performed on fine-grained, homogeneous anhydrite borehole samples (Fig. 3a; De Paola et al., 2009) . The failure envelope of the PSZ -the actively slipping plane within the IFCis assumed consistent to that of a cohesionless fault plane, with Byerlee's sliding friction coefficient of 0.6 ( Fig. 3b ; Scuderi et al., 2013) .
In our simulations, the frictional properties of the fault are assumed homogeneous. However, fault strength inhomogeneity is induced by the variations of fluid pressure along the fault, due to fault strength dependence on effective normal stress. 
Model of pre-seismic nucleation growth
During the nucleation stage of an earthquake, stable sliding spreads out from an initial small fault patch (L F ) until it reaches a critical size, the nucleation length (L N ), at which unstable fast sliding begins causing the propagation of the rupture (Marone, 1998; Scholz, 1998 ).
In our model, frictional sliding will initiate on any portion of the fault (L F ) where the shear stress is equal to the fault strength defined by the Coulomb failure criterion. The failure patch L F is assumed to undergo stable sliding when it is smaller than the nucleation length L N . Within the failure patch (L F ), stress cannot rise above the frictional sliding value, and any additional load after failure will be released through sliding. However, because the failure patch is smaller than the nucleation length, no significant slip acceleration will occur, and the frictional level will not be significantly affected if it obeys rate-and-state dependent friction. The failure patch length (L F ) will gradually grow in time, as larger portion of the fault attain the fault strength values, because of the shear stress increase due to constant tectonic load and to fault strength reduction due to fluid pressure diffusion. However, failure patch (L F ) will not undergo spontaneous growth until the nucleation length L N has been reached. In our model, we define the nucleation process as the quasi-static growth of the failure patch L F , until it reaches the nucleation length L N and the seismic instability phase would initiate. Note that during the quasi-static growth, we do not compute the stress transfer from the failure patch into its vicinity. Such stress variation is implicitly accounted for in the definition of critical length L N , therefore it has no significant effect on the stability of the incipient rupture during the nucleation phase. However, stress transfer may induce local variations in the stress-sensitive permeability, and such local variations we do not account for in our model. Furthermore, the investigation of the dynamic evolution of the seismic rupture phase is beyond the point of this study and our simulations end when L N is reached.
In the framework of rate-and-state friction theory, the critical patch size or nucleation length is inversely proportional to the effective normal stress (Campillo et al., 2001; Scholz, 1998) and can be defined as
where ξ , is a geometric factor that can be approximated to 1, G is the shear modulus, D C is the critical slip distance and F is the difference of the rate and state parameters b − a, and σ N is the effective normal stress. We compute the nucleation length L N at any given time as a function of the evolving modelled pore pressure according to Eq. (3). Hence, modelling results of pore pressure evolution can be used to investigate the evolution in space and time of the nucleation length, during the nucleation stage.
To compute the nucleation length L N we use the highest value of normal stress within the patch L F (stiffest point within L F ); this results in a good approximation of the actual nucleation length as demonstrated in Campillo et al. (2001) and Uenishi and Rice (2003) .
The seismic moment M 0 released by the failure patch L F during the whole nucleation phase can be approximately calculated (full details given in Supplementary 
Fault zone transport properties
The permeability tensor relations have been constructed for the OFC using available data from triaxial deformation experiments with fluid flow . In particular, the fault parallel and perpendicular components of the permeability tensor in the OFC are obtained from loading experiments to failure with fluid flow imposed parallel and perpendicular to fabric, respectively . To a first approximation, laboratory experiments show that the permeability of anhydrite rocks before failure are controlled by the combined effect of: 1) effective pressure, as permeability decreases with increasing effective pressure, due to porosity reduction ( Fig. 4a-b) ; and 2) deformation, as permeability increases with increasing loading due to the creation of fractures within the rock (Fig. 4c-d) . For a given value of pore pressure, a sudden increase in permeability is observed at failure, and its magnitude is controlled by the brittle and ductile mode of failure ( Fig. 4c-d) , respectively.
The pore pressure sensitivity of permeability k is described by the general, experimentally derived, empirical equation
where P e is the effective pressure, k 0 is the reference permeability at an effective pressure of zero and γ is the pressure sensitivity coefficient. At the onset of distributed ductile failure, permeability will rapidly increase ( Fig. 4c-d) . Then, for a given value of effective pressure during ductile failure, permeability will reach a plateau value when a percolation threshold state is attained in the sample, due to the development of a fully connected network of microfractures (Fig. 4c-d; De Paola et al., 2009) . Permeability of samples deforming in a ductile mode is sensitive to effective pressure variations ( Fig. 4c-d; Table 1 ), which can reduce or enhance the porosity of the sample by closing or opening fractures, respectively .
Conversely, at the onset of localised brittle failure, permeability will rapidly increase to a relatively high value ( Fig. 4c-d) . After the occurrence of brittle failure, we assume that permeability will not be sensitive to effective pressure variations ( Fig. 4c-d; Table 1 ), as the macroscopic fault/fracture can act as an effective conduit for fluid migration . We also assume that all fractures created during the pre-and co-seismic phase will be fully healed soon after the main seismic event. This is due to the efficiency of hydrothermal healing processes, acting during the interseismic period, which may seal micro-and macro-scale fractures within a few years of a slip event (Pluymakers and Spiers, 2015) .
The permeability of the fine-grained cataclasites in the IFC and gouges in the PSZ are assumed to be anisotropic in the fault-parallel and fault-orthogonal direction (Evans et al., 1997; Wibberley and Shimamoto, 2002) , but otherwise in the OFC, they are not assumed to depend on pore pressure and deformation (Table 1).
Model setup
The model setup assumes that pore fluid overpressure within the damage zone (DZ) is largely contained within the fractured dolostone layer (Fig. 2) . Hydrostatic pore fluid pressure occurs within the layers of foliated anhydrite in the DZ, which act as a perfect seal at their contacts immediately above and below the overpressured dolostone reservoir (Fig. 2) . The initial pore pressure distribution within the fault core is assumed to be uniform and hydrostatic. This is due to any overpressure build-up within the fault core being quickly released during the interseismic period or soon after the seismic event (Miller et al., 2004) by fracturing of the hydraulic barrier (i.e. fault-valve behaviour; Sibson, 1992) .
We simulate an area of 2.5 by 1000 m, representing the upper left quadrant of the fault core (Fig. 2) , located at a hypocentre model depth of 7 km and subject to extensional tectonic loading by reduction of the least principal stress axis at a rate of 0.15 MPa/yr, based on the extensional tectonic setting (Chiaraluce et al., 2003) . The simulations have been run for a fault dipping at 45
• to the horizontal, with the maximum principal stress σ 1 which is vertical and assumed at an angle of 45 • to the fault. These conditions are consistent with the dip of the 1997 Colfiorito earthquake fault inferred from seismological data (Chiaraluce et al., 2003) , and with field observation of exhumed, natural seismic faults from our case study in the Northern Apennines of Italy (De Paola et al., 2008; Fig. 1 ). During the simulations, σ 1 is kept constant and equal to the lithostatic load (i.e., 175 MPa at 7 km depth). All models are run from an initial stress state with σ 3 set at 85% of lithostatic load (Miller et al., 2004) . Our simulations directly model pore pressure only within the OFC and IFC, while hydrostatic fluid pressure is imposed on all outer boundaries of the model, except for a 40 m thick overpressured section. This mimics the effect of an overpressured external reservoir hosted in the fractured dolostones of the damage zone ( Fig. 2 ; Trippetta et al., 2013; Chiodini et al., 2004) . Here, we approximate it as an infinite, permanently overpressured volume in the damage zone.
To reduce computational costs, we exploit the model's symmetry properties. The idealised fault section has two planes of symmetry, the fault parallel plane bisecting the fault, and the fault perpendicular plane bisecting the overpressure contacts. In our model, these planes become symmetry boundaries, with the gradient of pore pressure normal to these boundaries set to zero.
The top and bottom fixed pressure boundaries maintain a hydrostatic pressure. The total domain of the numerical solution is large enough that the top and bottom boundaries do not significantly affect the pressure distribution within the nucleation area. For each simulation, the length of the simulated fault is selected such that the pressure gradient at the upper perpendicular boundary is less than 1% of hydrostatic pressure per metre.
Results
A series of numerical simulations have been performed for a range of initial pore pressures, at a depth of 7 km, for a fixed tectonic unloading rate in the minimum principal stress direction. Fluid flow in the fault core during the interseismic period is modelled for two end-member scenarios, Case A and B. In the simpler Case A, permeability of the OFC during the interseismic period is solely controlled by pore pressure variations and lithological factors (e.g. fabric presence and orientation; Fig. 4a-b ). In the more complex Case B, permeability evolution during the interseismic period is also controlled by the deformation, associated to brittle or ductile failure in the OFC (Fig. 4c-d) .
The scope of the above simulations is to investigate the effect of pore pressure evolution in the fault core on the duration of the nucleation phase and on the size of the nucleation patch, as described in the results sections below.
3.1. Pore pressure evolution and onset of failure
Simple Case A
During the interseismic period, permeability evolves with pore pressure variations and lithological factors in the OFC, while it is constant (but anisotropic) along the fault-parallel and -orthogonal direction in both the IFC and PSZ (Fig. 2) . The pore pressure conditions in the fault zone are represented by the pore fluid factor λ v , defined as the ratio between pore pressure and lithostatic load. We model fluid flow for two pore pressure regimes in the damage zone reservoir, with slightly supra-hydrostatic (λ v = 0.45) and sublithostatic (λ v = 0.85) initial pore pressure conditions, compared to initially hydrostatic ones (λ v = 0.4) in the fault core ( Fig. 5a, d) .
At the beginning of the interseismic period, soon after an earthquake event, pore pressure excess is concentrated in the vicinity of the overpressure contact at the DZ/OFC boundary (Fig. 5a, d) . High time resolution simulations show that pore fluids start to rapidly diffuse within the OFC first and then into the IFC and PSZ, where pores pressure increases along the fault-parallel and -perpendicular direction. A quasi-steady state pore pressure regime is attained in the fault zone on the order of days.
Failure by sliding along the PSZ will start at 356 and 119 years, for λ v = 0.45 and 0.85, respectively, when the shear stress level, which is controlled by the tectonic loading rate, matches the fault strength, which is dependent on pore fluid pressure (Fig. 5g ). At this time, failure patches begin to develop along the PSZ in the supra-hydrostatic and sub-lithostatic pressure cases, respectively (L F in Fig. 5b, e ).
Complex and more realistic Case B
We now consider the more complex and realistic scenario where permeability evolution during the interseismic period in the fault core is additionally controlled by deformation, via brittle or ductile failure in the OFC (Fig. 4c-d) . We consider here the same two scenarios as before, for slightly supra-hydrostatic (λ v = 0.45) and sub-lithostatic (λ v = 0.85) initial pore pressure condition in the damage zone reservoir, again compared to initial hydrostatic ones (λ v = 0.4) in the fault core (Fig. 6a, e ).
Let us consider first the case of slightly supra-hydrostatic (λ v = 0.45) initial pore pressure conditions in the damage zone reservoir, and assume the same initial state of stress in the fault and extensional tectonic unloading rate as in the previous scenario ( Fig. 6i-j) . Similarly to the case with no deformation control, high time resolution simulations show that pore fluids start to rapidly diffuse within the OFC first and, then, into the IFC and PSZ. After 327 years, the stress level in the OFC is such that ductile failure sweeps rapidly across its full width (Fig. 6b) , before sliding begins along the PSZ (Fig. 6i-j) . Sliding along the PSZ occurs earlier than in Case A (Fig. 5b, 6c) , at almost the same time as ductile failure in the OFC.
For sub-lithostatic (λ v = 0.85) initial pore pressure conditions in the damage zone reservoir, pore fluids start to rapidly diffuse within the OFC, IFC and PSZ, and pore pressure reaches a quasisteady state after 19 days. At this time, higher pore pressure values are attained than in Case A. This means that the OFC Mohr circle is more translated to the left than in Case A and, hence, will intercept the brittle segment of the OFC failure envelope during loading ( Fig. 6i-j) . After 58 years, brittle failure begins in the OFC increasing its permeability by around 3 orders of magnitude (Fig. 6f) . Sliding along the PSZ first occurs at 58.7 years (L F in Fig. 6g ), while the brittle failure front extends away from the overpressure contact, towards the IFC. There is no ductile failure in this case due to the lower level of effective pressure in the OFC (Fig. 6i-j) . The onset of sliding along the PSZ occurs after about 59 years, earlier than in Case A when there is no-deformation in the OFC (Compare Fig. 5e and 6g) .
Pore pressure evolution and earthquake nucleation
During our simulations, we assume velocity weakening behaviour for the PSZ ( F in Table 1 and Eq. (3)), which has been observed for anhydrite and dolomite-rich gouge at high temperature, room humidity and sub-seismic sliding velocity (Scuderi et al., 2013) , whilst experiments on water saturated with CO 2 anhydrite/dolomite mixtures show velocity-strengthening behaviour (Pluymakers et al., 2016) . When shear stress exceeds the fault shear strength, for a given pore pressure, sliding begins along the PSZ. This condition coincides with the beginning of the nucleation phase, which ends when the size of the sliding patch on the PSZ equals that of the nucleation length (i.e. L F = L N in Figs. 5c,f and 6d, h); a condition leading to the dynamic fast propagation of the rupture. Hence, the computed nucleation length values can be used to estimate the duration of the nucleation stage.
For the simple Case A, with no deformation control on permeability, our results show that the initial pore pressure within the damage zone reservoir controls the time at which sliding initiates along the PSZ (Fig. 5b, e ). In fact, the nucleation phase initiates significantly earlier for sub-lithostatic (λ v = 0.85; Fig. 5e ) initial pore pressure conditions than for slightly supra-hydrostatic ones (λ v = 0.45; Fig. 5b ). During the nucleation phase of the earthquake, the failure patch grows along the PSZ until conditions for dynamic seismic rupture propagation are attained (e.g. L F = L N in Fig. 5c, f) .
Remarkably, the nucleation phase is one order of magnitude longer in the case of initial sub-lithostatic pore pressure conditions (10.1 years, Fig. 5b-c) , than in the case of supra-hydrostatic ones (0.4 years, Fig. 5e-f ). These results are due to the trade-off of two competing effects: the reduction of effective normal stress due to high pore pressures and the growth of the failure patch along the PSZ. The higher the pore pressure, the lower the effective normal stress so the sooner sliding can begin (Fig. 5b, e ). However, the lower the effective normal stress, the higher the nucleation length so a larger sliding patch is needed for earthquake nucleation, resulting in a longer nucleation phase (Fig. 5c, f) . It is worth noting Fig. 5 . Simulation results of pore pressure evolution and onset of failure -Simple Case A. a, d) Plots are provided for slightly supra-hydrostatic, λ v = 0.45 (a), and sublithostatic, λ v = 0.85 (d) initial pore pressure conditions in the damage zone reservoir, compared to initially hydrostatic ones (λ v = 0.4) in the fault core. b, e) Pore pressure evolution from initial conditions to the time at which failure initiates in a failure patch (L F ), along the main principal slip zone (PSZ) in the inner fault core (IFC). Note that the size of the failure patch, L F , is not to scale in these panels, as L F is infinitesimally small at the onset of failure. c, f) Pore pressure conditions at the time an earthquake nucleates, when the size of the failure patch, L F , matches that of the theoretical predicted nucleation length, L N . g) Mohr failure analysis for the PSZ at initial conditions (a, d), onset of fault failure (b, e) and earthquake nucleation (c, f). Results are presented for 40 m of 1 km simulated region shown vertically, and 2.5 m fault core exaggerated horizontally.
that, during the nucleation phase, pore fluid pressure conditions do not vary from the steady state conditions attained early during the interseismic period ( Fig. 5b-c, 5e-f ). Hence, it is the nucleation length inverse dependence on pore pressure that controls the duration of the nucleation phase.
In Case B scenario, the occurrence of ductile (λ v = 0.45) and brittle (λ v = 0.85) failure before and during the nucleation phase significantly increases permeability within the OFC (Figs. 6b-d,  6f -h). The permeability enhancement caused by ductile and brittle deformation in the OFC changes the pore pressure field within the OFC and IFC. These pore pressure variations reduce the duration of the interseismic period, when compared to the case with no deformation (e.g. compare Figs. 5b, e with Fig. 6c, g) . This effect is particularly significant for the initial sub-lithostatic pore pressure regime (Fig. 6e) , when brittle deformation in the OFC can halve the length of the interseismic period, when compared to the case with no deformation (Fig. 5f, 6h) .
The length of the nucleation phase is 0.1 years in the case of initial sub-lithostatic pore pressure conditions (Fig. 6g-h) and much quicker, below the resolution of the modelling, in the case of supra-hydrostatic ones (Fig. 6c-d) .
Compared to the case with no deformation control on permeability, transient fluid pressures conditions occur during the nucleation phase ( Fig. 6c-d, 6g-h) , as opposed to the quasi steady state conditions attained in the simple Case A without deformationdependent permeability (Fig. 5b-c , 5e-f).
Pore fluid factor control
We perform parameter studies of the same two case scenarios, without (Case A) and with (Case B) deformation-dependent permeability, by running multiple simulations at a range of different pore fluid factors (0.45 < λ v < 0.85, in steps of 0.025) ( Fig. 7a-c) .
The procedure to obtain the duration of the interseismic period ( Fig. 7a ) and nuclation phase (Fig. 7c) , and the length of the failure patch at nucleation (Fig. 7b) is the same as the one described as in the main text in Section 2.2.3, and in Sections 3.2 and 3.3. Fig. 6 . Simulation results of pore pressure evolution and onset of failure -Complex and realistic Case B. a, e) Plots are provided for slightly supra-hydrostatic, λ v = 0.45 (a), and sub-lithostatic, λ v = 0.85 (e) initial pore pressure conditions in the damage zone reservoir, compared to initially hydrostatic ones (λ v = 0.4) in the fault core. b, f) Pore pressure evolution from initial conditions to the time at which ductile (b) and brittle (f) failure initiates in the outer fault core (OFC). Black arrows indicate the extent of ductile and brittle deformation front in the OFC. c, g) Pore pressure conditions when fault failure initiates in a patch (L F ), along the main principal slip zone (PSZ) in the inner fault core (IFC). d, h) Pore pressure conditions at the time an earthquake nucleates, when the size of the failure patch, L F , matches that of the theoretical predicted nucleation length, L N . i-j) Mohr failure analysis for the PSZ (i) and OFC (j) at initial conditions (a, e), onset of ductile (b) and brittle (f) failure in the OFC, onset of fault failure (c, g) and earthquake nucleation (d, h) . Results are presented for 40 m of 1 km simulated region shown vertically, and 2.5 m fault core exaggerated horizontally.
Our results show that pore fluid factor and deformationdependent permeability all exert primary control over the duration of the interseismic period and nucleation phase, and over the length of the failure patch at nucleation. In particular, increased initial pore fluid factor in the pressurised reservoir acted in both scenarios to decrease the duration of the interseismic period (Fig. 7a) , and to increase the nucleation length ( Fig. 7b ) and the duration of the nucleation phase (Fig. 7c) .
The timing of brittle failure in the OFC is dependent on pore fluid factor, while the timing of ductile failure is constant due to the flat ductile region of the OFC failure envelope (Fig. 3a) . In all cases, the inclusion of deformation-dependent permeability decreases both the interseismic period (to 60.1 years, Fig. 7a ) and the nucleation phase duration (to less than 1 year, Fig. 7c ), while increasing the size of the nucleation length (to >30 m, Fig. 7b ).
It is interesting to note that for pore fluid factors of 0.55 the results obtained for the two scenarios considered here converge . This is due to the specific tectonic loading rate chosen for our simulations, which causes fault sliding in the PSZ before any fracturing by brittle or ductile failure can occur within the OFC. This observation shows that tectonic loading rate also plays Fig. 7 . Variations of earthquake parameters vs. pore fluid factor. Length of interseismic period (a), nucleation length (b) and duration of nucleation phase (c) are plotted against variation of the pore fluid factor across multiple simulations for Case A and Case B, respectively. For case B, the pressure fields of ductile and brittle deformation in the OFC are also shown in pink and grey, respectively. The white area between the brittle and ductile deformation fields corresponds to those conditions where failure along the PSZ in the IFC occurs before any deformation and failure can occur in the OFC. In the latter case, with no deformation in the OFC, the solutions for Case B converge to those for Case A obtained with no deformation. In panel 7c, a double-headed arrow also shows the range of lengths of the nucleation phase of some natural earthquakes, estimated by seismological observations (Fig. 7c ; Mavrommatis et al., 2014; Kato et al., 2012; Socquet et al., 2017) . (For interpretation of the colours in the figure(s) , the reader is referred to the web version of this article.) a role in controlling pore pressure diffusion in fault zones during the seismic cycle.
Discussion and conclusions
Mode of failure controls pore pressure diffusion and earthquake recurrence interval
Small scale fracturing within fault zones acts as a primary control on pore pressure diffusion during the interseismic period (e.g. natural earthquakes) or when a stress perturbation is caused in a reservoir (e.g. induced seismicity). In general, fracturing can increase the average permeability of rocks in the zones of damage adjacent to the main slip zones by several orders of magnitude, and therefore driving pore pressure diffusion more effectively. In the specific case investigated here, for a given tectonic faultloading rate, failure-enhanced pore fluid diffusion within the fault core (OFC) reduces the frictional strength of the fault at a faster rate, and fault sliding (e.g. beginning of the nucleation phase) can initiate earlier than in the case where no fracturing occurs in the fault core (Fig. 7a ).
More specifically, results from our case study show that initial high pore pressures can cause small scale brittle failure in the fault core during the interseismic period, which creates higher permeability than ductile failure occurring at lower initial pore pressures (e.g. Fig. 6b -c and 6f-g). Hence, in the case of brittle failure in the fault core, fault sliding occurs much earlier than in the case of failure by ductile deformation, reducing the duration of the interseismic period (Fig. 7a) .
These results have implications in terms of seismic hazard estimates, as they show that local factors such as lithology and fault zone structure can significantly affect the length of the interseismic period and, hence, the recurrence interval of earthquakes. They also show that, during the coseismic and interseismic period, the evolution of the hydrogeological conditions of the fault zone and its connected reservoirs will affect the recurrence interval of events. In particular, hydrogeological monitoring of springs (e.g., Barberio et al., 2017) and boreholes in the epicentral area or in the surrounding areas of injection sites could potentially provide information on coseismic fluid discharge and on interseismic fluid recharge between the fault zone and the connected aquifers. These observations could be used to monitor pore pressure evolution of the fault zone and its surroundings during the seismic cycle.
It is worth noting here that, although our model accounts for realistic, complex fault zone architecture and laboratory derived permeability evolution with pore pressure and mode of failure during progressive deformation, it is still very simplistic. In fact, several other mechanisms and factors, such as poro-elasticity, stress transfer, dynamic friction evolution, dilation/compaction during shearing in the slip zone, will also affect pore pressure and fluid flow in fault zones, in addition to those considered in our model. Future modelling effort should implement such mechanisms and factors to produce more realistic models.
Implications for fluid induced earthquake nucleation
Our results have some implications for our understanding of the role and controls of aseismic slip during the nucleation phase preceding an earthquake. Although aseismic slip episodes have been relatively commonly observed over the last decade, until very recently the occurrence of aseismic slip as a precursor to major earthquakes was almost completely unknown (Bouchon et al., 2011) . Large aseismic slip episodes have now been identified immediately preceding the recent M w 9, 2011 Tohoku earthquake (Kato et al., 2012; Mavrommatis et al., 2014) and the M w 8.1, 2014
Iquique earthquake (Ruiz et al., 2017; Socquet et al., 2017) . It is argued that these aseismic slip events, lasting up to a few months, contribute to the triggering of earthquakes and are related to their preparatory nucleation phase (Guglielmi et al., 2015) .
Overall, our results show that both the inclusion of realistic models of fault zone architecture and deformation-dependent permeability (brittle and ductile failure) control the size of the sliding patch (Fig. 7b) during earthquake nucleation and the duration of the nucleation phase (Fig. 7c) .
The size of the failure patch during the nucleation phase is always larger when realistic models of fault zone architecture and deformation-dependent permeability are considered (Fig. 7b) . In particular, small scale fracturing by brittle failure, occurring for initially high pore pressures, provides the largest slipping patches (>30 m in Fig. 7b ). For the specific model used in this study, we use the equations detailed in the Supplementary Materials I to estimate the moment magnitude (M 0 ) corresponding to the nucleation phase. We obtain M 0 ≈ 10 9.4 N m in the case of deformationindependent permeability, corresponding to an event of magnitude M w = 0.2. For the case of deformation-dependent permeability, the moment decreases of a factor of about 6, resulting in M 0 ≈ 10 8.6 N m and M w = −0.4.
The estimated moment magnitude corresponding to the nucleation phase modelled in our study is in all cases very small, and below the current detection threshold of satellite radar missions. However, these results are of particular relevance when considering that technological improvements in signal/noise ratio and spatio-temporal resolution of local geodetic data are lowering the detection thresholds for measurements of aseismic slip. Kaneko et al. (2017) , regarding a model of a Parkfield repeater earthquake, discuss the detection limit using a strain meter embedded in a borehole within a hundred meters from the slip zone. With a typical noise-to-signal ratio spectrum, the lower limit of strain measured is about 10 −9 (Agnew, 1986) . From the results of Kaneko et al. (2017) , we can infer that the strain measurement threshold roughly corresponds to a moment of about M 0 = 10 9 N m, which is close to moment of aseismic slip obtained during the nucleation phase modelled in our study. Obviously, this is just an example from a quite different seismo-tectonic context; we mention it here to illustrate the order of magnitude of the detectability threshold in the context of the specific model discussed.
Our results show that the duration of the nucleation phase is significantly reduced from a few years to a few minutes (ductile failure) or a few days/months (brittle failure) when realistic models of fault zone architecture and deformation-dependent permeability are considered. Interestingly, a nucleation phase duration of few months, obtained for high values of initial pore pressure and brittle failure (Fig. 7c) , is also the time scale of aseismic slip measured during the nucleation phase of some recent large earthquakes (M w 9, 2011 Tohoku and M w 8.1, 2014 Iquique earthquakes).
To conclude, estimates of the duration of the nucleation phase have implications for earthquake early warning systems. In fact, intermittent aseismic creep on fault patches >30 m in diameter, over a period of few days up to a few months, could be detectable well in advance of a significant seismic event, perhaps using local geodetic data.
